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ABSTRACT

Traditionally, orthopedic repairs best served by encirclement or binding, such as
sternotomy, have employed metallic implants. The permanence and rigidity of this type
of implant is not ideal, leading to irritation, wound dehiscence, or other
complications. As innovators look to polymeric solutions to support damaged tissue by
encirclement in novel ways, long-lasting absorbable polymers present a unique
opportunity for use in a cable tie device.
While readily available absorbable materials fail to meet the combined
requirements of long strength retention, tensile strength, and flexibility, a solution may be
achieved by incorporating the strength of poly(lactide) (PLLA) and the flexibility of
poly(ε-caprolactone) without reducing the strength retention profile of the construct. To
respond to this need, the present study was conducted to assess combinations of l-lactide
and ε-caprolactone through melt blending and copolymerization in ratios of 75:25 weight
percent in injection molded tensile bar parts. These articles were analyzed for structural,
chemical, and mechanical properties, both as-molded and throughout the course of a 12week in vitro study. This data was used to assess the effects of 1) blending, resulting in
modulation at the micro level, and 2) copolymerization, resulting in modulation at the
molecular level, through a clinically relevant time period.
While all materials exhibited changes from the homopolymer controls,
copolymerization resulted in the largest reduction in tensile and bending moduli from that
of PLLA. The diblock formulation exhibited the most similar strength and structural
properties to the blended materials, with a more rapid reduction in tensile strength in
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vitro. The triblock copolymer, which exhibited lower initial tensile strength than the
diblock copolymer, demonstrated a strength retention profile equal to that of the
homopolymers and blends over the 12-week study, as well as a lower bending
modulus. These results indicate the triblock formulation is the most likely candidate of
the test materials to meet the anticipated combined requirements for use in an absorbable
cable tie.

iii

DEDICATION

This thesis is dedicated to my best friend and wife, Kim Lilley. Your love,
support, patience, and encouragement on each leg of this journey are what have caused
me to persevere. Thank you for always pointing me back to the Lord when I have
doubted my strength and for blessing the quest for graduate school even though you knew
it would compete with you for my time. Alas, that struggle is over now as we head
together into new adventures. Additionally, thank you to my family for your love and
support, in particular my parents, David and Susan. Your encouragement has never
ceased even when I left the nest and I am here largely due to the faith that you have had
in my ability to complete this.

iv

ACKNOWLEDGMENTS

The completion of this document would not be possible without the help of many,
many generous people. First and foremost I would like to thank Dr. Scott Taylor. I am
incredibly grateful for the considerable personal investment he has made in me
throughout this process and the amount of course correction he has allowed me to make.
Without your many hours of coaching and correcting, none of this would have been
possible. I would also like to acknowledge my other coworkers at Poly-Med, Inc., many
of whom have had direct contribution in bringing these ideas to life. A special thank you
is due to David Gray and David Ingram, whose efforts and advice in polymer synthesis
and analytical technique have played a considerable role in this study. Dave Shalaby, I’m
grateful you took a chance in hiring me and supporting this work. Thank you to the
Product Development team, who never ceases to bring laughter and spirited intellectual
debate on a daily basis.

v

TABLE OF CONTENTS

Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
LIST OF TABLES ........................................................................................................viii
LIST OF FIGURES ........................................................................................................ ix
INTRODUCTION ........................................................................................................... 1
Absorbable Polymers Overview .............................................................. 5
Copolymerization for Property Modulation............................................. 8
Blending for Property Modulation ......................................................... 10
Consideration of Injection Molded Parts ............................................... 12
Statement of Purpose ............................................................................. 15
METHODS AND MATERIALS ................................................................................... 16
Materials ................................................................................................ 16
Synthesis ................................................................................................ 16
Blending ................................................................................................. 18
Injection Molding................................................................................... 19
Analytical Methods ................................................................................ 20
RESULTS AND DISCUSSION .................................................................................... 24
Confirmation of Conversion .................................................................. 25
Initial Properties ..................................................................................... 31
In Vitro Evaluation ................................................................................. 46
CONCLUSIONS............................................................................................................ 55
RECOMMENDATIONS ............................................................................................... 57

vi

Table of Contents (Continued)
Page

APPENDICES ............................................................................................................... 58
A:
B:
C:
D:
E:

NMR Reference Scans ................................................................................. 59
Failure Modes of Tested Tensile Bars ......................................................... 61
DSC Data from 3 Weeks In Vitro ................................................................ 62
Tabulated In Vitro GPC Data ....................................................................... 63
Tabulated In Vitro Tensile Properties .......................................................... 64

REFERENCES .............................................................................................................. 65

vii

LIST OF TABLES

Table

Page

1

Explanation of Abbreviations .......................................................................... 24

2

In-process Inherent Viscosity .......................................................................... 25

3

Initial Molecular Weight of Tensile Bar Specimens ....................................... 27

4

Initial Composition as Obtained by HNMR .................................................... 29

5

DSC Melt Events at Initial Time ..................................................................... 36

6

Baseline Tensile Properties of Materials at 40⁰C............................................ 44

7

Composition as Obtained by HNMR During In Vitro Degradation ................ 50

viii

LIST OF FIGURES

Figure

Page

1

ZipFix™ for Sternal Closure ............................................................................ 3

2

Copolymer Morphologies ................................................................................. 9

3

Tensile Bar Geometry per ASTM D 638-02a ................................................. 19

4

Molding Process Temperature Schematic ...................................................... 20

5

GPC overlay of BL+2 and SF ......................................................................... 28

6

FE-SEM of Cryofractured Tensile Bars at x10k Magnification. .................... 32

7

DSC Scan of Initial Molded Parts ................................................................... 35

8

DSC Scan for Reheat of Initial Molded Parts .................................................. 35

9

Thermograph Detail of Selected Materials. ..................................................... 37

10

Bending Modulus at Initial Conditions............................................................ 41

11

Flexural Stress/Strain Curves .......................................................................... 42

12

Stress v. Strain of Tensile Bars at Initial Conditions ....................................... 43

13

Molecular Weight Changes Under In Vitro Conditions ................................. 47

14

PDI Changes During Degradation .................................................................. 47

15

Tensile Modulus Changes Over In Vitro Life. ............................................... 51

16

Yield Stress Under In Vitro Conditions .......................................................... 52

17

Breaking Strength Retention Under In Vitro Conditions ............................... 54

ix

List of Figures (Continued)
Figure

Page

A-1

PCL Reference Scan .................................................................................... 59

A-2

PL Reference Scan ....................................................................................... 60

A-2

RAND Reference Scan to Demonstrate Blocking ....................................... 60

x

INTRODUCTION

As the field of medicine advances, engineers and clinicians are challenged with
finding appropriate materials to bring creative, boundary-pushing ideas to life. Nowhere
is this more apparent than with absorbable biomedical polymers. A common problem
with non-absorbable implants is that they require removal or subject the patient to long
term side effects and risks of a foreign material. In the case of removal, the patient must
undergo a secondary procedure, which increases cost and exposes the patient to the
potential of increased discomfort and risk of infection. In the case of leaving the implant
permanently fixed, problems arise from long term implantation such as chronic immune
response or stress shielding of the tissue at the implantation site, leading to degeneration
of the patient’s native tissue over time. To address these concerns, absorbable polymers
have been introduced in a myriad of different device applications.
While an “ideal” absorbable material could be created for many applications, it
often is not, due to concerns of sending a new material through the regulatory approval
process. Instead, a tradeoff is made in device performance for use of a preapproved
material with suboptimal characteristics, for a reasonable degree of assurance in
acceptability by a regulatory body. Thus medical pioneers are often frustrated by forcefitting their design into a handful of pre-existing absorbable homopolymers or common
copolymers that have a limited set of mechanical characteristics. For load bearing
materials, the field of synthetic absorbables is generally limited to five monomers and
their polymers: glycolide, lactide, caprolactone, trimethylene carbonate, and paradioxane.
These materials all have a long, safe history of use and diverse mechanical properties as
well as strength retention profiles. However, not all applications fit squarely within these
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defined areas, thus engineers need the tools to tailor materials that will degrade into
predictable byproducts to meet the mechanical demands placed on their device. These
absorbable monomers can be combined in a multitude of ways; hence, modulating the
mechanical and degradation behavior to suit the application provides a means of better
device performance. That is, a suitable material can be used and regulatory scrutiny can
be eased by staying within the confines of materials which degrade into known
byproducts and have a long history of safe use in clinical situations.
While absorbable devices are common in orthopedics, areas not generally served
by this class of materials are modes of encirclement and binding of osseous tissue.
Traditionally these functions have been accomplished by metallic devices such as suture
wires, K wires, and cerclage cables. These devices have successfully been employed in
procedures ranging from transverse patellar fracture to revision shoulder arthoplasty [13]. In all of these instances, a cable has been used to encircle the affected bone and hold
it to a secondary implanted structure to attain rigidity and fixation. Recently, further
innovation in the form of softer polymeric cables has crept into this area to attempt to
reduce irritation and address metal allergy concerns. One such device is the SuperCable
(Kinamed), which has been evaluated clinically with success in high load applications
such as total hip arthoplasty as well as shoulder arthroplasty; as it comprises
nylon/UHMWPE components it is not absorbable and therefore falls subject to the
complaints against device permanence [4].
Sternal closure provides the opportunity to investigate a different style of
encircling device comprised of polymeric origins. Following open thoracic surgery, both
sides of the bisected sternum must be held together to initiate healing. While
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traditionally accomplished with metallic wires, sternotomy with these devices sometimes
leads to wound dehiscence and, eventually, failure to form a union [5]. Many novel
systems attempt to address this issue. One particular device of interest is the ZipFix™
system manufactured by Depuy Synthes, which consists of a polyetheretherketone
(PEEK) band with a self-locking head.

Figure 1: ZipFix™ for Sternal Closure [6]. Graphic obtained from product literature.

Following a median sternotomy, multiple bands are passed around the sternum in
the intercostal spaces or directly through the manubiral bone to approximate the sternum
for 6 to 9 weeks post-surgery [6]. In clinical evaluations, the system prevented sternal
instability for 30 days, even in cases where osteoporosis was present, and was
comparable with more traditional closure methods in terms of post operative sternal
infection throughout the year following surgery [7, 8].
A number of other devices of this same idea exist in the conceptual phase, with
specific intention of application in orthopedics. Many patents focus on geometric
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consideration of such a device to limit surface area, bulk, or angled features which might
elicit a negative tissue reaction while at the same time stabilizing the bone, more rapidly
than traditional methods, during surgery [9-13]. At the very least, the patent literature
demonstrates the idea that self-locking, cable tie-like devices are gaining traction. The
next logical step is for these devices to be made of absorbable materials so that the long
term immune response of permanent implants is negated, as well as any follow up
surgery for implant removal [10].
The idea of an absorbable self-locking band for applications beyond orthopedics
is already under investigation. Tissue ligation is another likely application of the idea of
a self-locking band composed of absorbable materials. Höglund and coworkers used
both poly(dioxanone) and poly(glycolide-co-trimethylene carbonate) in a novel ligation
device in animals. The poly(dioxanone) version was successfully used in a canine model
to hemostatically ligate the ovarian pedicle and was subsequently absorbed between 7
and 18 months post-surgery [14-15]. In a follow-up trial, poly(glycolide-co-trimethylene
carbonate) triblock copolymer was used as the cable material in the adrenal artery of pigs,
resulting in promising hemostatic effects and an expedited in vitro degradation profile
[16]. Effectively, these studies have proven the concept of a fast, simple alternative to
traditional suture-based techniques. These results are paving the way for design of new
cabling systems and selection of different cabling system materials for other medical
applications in which a tissue would need to be encircled or bound.
While the concept of an absorbable tie has been demonstrated, the materials used
in those studies are not applicable for implants requiring long strength retention; for
example, the target for Höglund and coworkers’ device was strength retention for 1 week.
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An absorbable material suitable for orthopedic cable tie use would need strength to retain
the load, and flexibility to closely circumscribe the bone to be fixed. The material would
also need to retain the majority of its strength during the course of the wound healing
process. Healing time for bone is approximately 6 weeks for bone callus formation and 3
to 6 months for complete remodeling, although comorbidities such as malnutrition,
diabetes, rheumatoid arthritis, smoking, osteoporosis or others can increase that time [1718]. While studies and patents address the case for use and the concept of a long lasting
absorbable cable tie, such a device has yet to enter the market, quite possibly due to
short-comings of currently used absorbable materials such as poly(lactide) and poly(DLlactide), even though they are frequently used in other orthopedics applications.

Absorbable Polymers Overview
Devices made of synthetically-produced, hydrolytically-degradable polyesters
have been in commercial use since 1970, with the introduction of the Dexon® suture, a
braided multifilament glycolide [19]. Since that time, other hydrolytically degradable
polyesters have been discovered and successfully integrated into medical devices for a
variety of applications. The primary monomers used in these polymers and subsequent
devices are lactide of both steric conformations, glycolide, trimethylene carbonate,
paradioxanone, and ε caprolactone. Each of the homopolymers produced from these
monomers has unique strength characteristics and rates of hydrolysis, which creates
suitability for different applications within the body. When two or more of these
monomers are combined, the resulting system has properties distinct from either of the
homopolymers, leading to the ability to tailor absorbable materials to a diverse range of
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applications. Perhaps the most widely used absorbable copolymer is used in the Vicryl®
suture produced by Ethicon, a suture consisting of a 90:10 ratio of glycolide and l-lactide.
Absorbable polymers are created via a ring opening polymerization to create ester
linkages, either with the same monomer or any of the five listed above. Often reactions
are carried out in solid state due to temperature instability of the polymers. Post
polymerization processing is necessary to remove excess monomer and low molecular
weight oligomers, either by a distillation or sublimation process, under vacuum or
through extraction by solvent. Lower molecular weight species can accelerate
degradation if still present during melt processing, storage, and implantation [20].
Once inside the body, these materials degrade via hydrolysis of the aliphatic ester
linkage and are metabolized for excretion [21]. Rate of degradation is affected by local
pH of the area surrounding the polyester, with the tendency for basic conditions to
accelerate degradation [22]. As hydrolysis occurs in the individual chains, degradation of
bulk properties is observed at different rates. First to be noticed is the drop in molecular
weight, followed by the loss in strength, and finally, much later, by mass loss of the
implant [23]. Because hydrolysis is the mechanism of degradation in absorbable
polyesters, hydrophobicity is linked with longer property retention. Additionally,
crystallinity has been linked with longer strength retention as water attacks the
amorphous, and therefore more open, region of the chains first, which produces the effect
of increasing crystallization in vivo [24-25]. Both hydrophobicity and ability to
crystallize are linked to the size and chemistry of the R-group of the basic cyclic diester,
which is the backbone of these chemistries [26].
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The degradation of these materials presents challenges unique to absorbable
polymers. Primarily, the strength of the material, which most often correlates with the
functional life in load bearing applications, is gone long before the mass has been
removed by the body, leaving nonfunctional device mass residing in that space until mass
is fully lost. The remaining mass presents additional concerns of accumulation of byproducts such as acids or crystals which can trigger tissue inflammation, non-specific
foreign body response of the immune system and, in the case of orthopedics, osteolysis
[27-28]. Additionally, because these polymers have lower strength than metals, parts
with a similar load bearing capability must be significantly thicker, leading to a large
implant volume, which increases the likelihood of irritation to the tissues, such as
muscles or ligaments, that slide over the repair [29].
Of the five aliphatic polyester monomers, two emerge with sufficient amount of
hydrophobicity and potential crystallization for long term applications, fully absorbing
after a year or more: poly(lactide) and poly(ε-caprolactone). Poly(lactide) (PLA) surgical
implants have been widely employed in implants in the form of pins, plates, rods, cages,
sutures, and drug delivery mechanisms due to their long retention timeframe in vivo [2021]. L- and d-lactide isomers are available, though l-lactide has been shown to have the
better load bearing properties [25]. With a Young’s modulus of approximately 2000-4000
MPa [30, 31] and tensile strength of 11-72 MPa [26,32], the high stiffness of poly(llactide) (PLLA) makes it a common material for load bearing applications in orthopedics
such as bone screws. With a glass transition of approximately 57⁰C, a melting
temperature of 175-184⁰C, and strength retention of 12 weeks, PLLA is thermally stable
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at body conditions with relatively long strength retention characteristics, making it a
popular material for load bearing applications with long healing times [28, 33].
Poly(ε-caprolactone) (PCL) has been employed in several medical applications.
From tissue scaffolds to sutures, this material is often copolymerized or blended with
other absorbable polymers to enhance its properties; Monocryl®, a caprolactone-glycolide
copolymer suture produced by Ethicon, is one such example [19]. As a homopolymer,
this suture’s tensile modulus ranges from 200-440 MPa, with a tensile strength of 20-42
MPa and a melting temperature of approximately 60⁰C [34]. A long degradation time
for this hydrophobic material and the proximity of body temperature to its melt
temperature, potentially leading to creep behavior, are potential limitations in implant
application for the PCL homopolymer [35]. However, its flexibility is significantly
greater than that of PLLA , which makes a combination of the two, either as copolymer
or blend, of interest.

Copolymerization for Property Modulation
Copolymerization of absorbable monomers is an efficient means of modulating
properties of two or more monomeric units. These units can be organized into chains of
the same composition but with unique bond patterns leading to differences in chain-tochain interaction and therefore different bulk properties. The monomers may be
combined in a randomized pattern, alternating, blocked, or grafted onto a backbone chain
as demonstrated in Figure 2. The way in which two or more monomers may be organized
depends on the relative reactivity of each monomer and the conditions to which they are
exposed during reaction [36].

8

Figure 2: Copolymer Morphologies [37].

Both the ratio of monomeric units to each other as well as the bonding patterns of
the units influences the properties of the resulting material. Even addition of small
amounts of another constituent to a homopolymer chain can vastly alter the degradation
properties. In an in vivo suture evaluation of PLA and 95:5 poly-l-lactide-co-glycolide
sutures, both materials retained 80% of initial breaking strength at 4 month postimplantation, while at 12 months post implantation PLA stabilized at approximately 60%
strength retention, while the 95:5 copolymer was at only 20% of its initial strength [20].
In regard to copolymer systems containing l-lactide and ε-caprolactone, Shalaby
and coworkers created flexible monofilament with these two monomers and the addition
of trimethylene carbonate. The filament consisted of approximately 75% l-lactide with
breaking strength retention of 74-84% at 6 weeks in vitro and modulus values of 316-544
Kpsi; the profile is similar to that of PDS-II®, a dioxanone suture [38]. These systems
were composed of a soft segment of caprolactone or trimethylene carbonate with a 95:5
randomized end graft of l-lactide-co-caprolactone. A different research group developing
suture material from a 90:10 PLA/PCL random copolymer reported a 50% loss of tensile
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strength at 8 weeks in vitro [31]. A similar set of chemistries with less randomization has
been used in the form of triblock copolymers composed of PLA-PCL-PLA.
Manipulation of the size of the PLA end block has been shown to modulate tensile
properties and shown an increase in strength with increased block size [39-40].
Additionally, the presence of PLA in PLA-PCL copolymers has been shown to increase
the degradation rate of PCL [41].

Blending for Property Modulation
Melt blending provides a different means of property modulation in polymer
systems. Different resins are combined in the melt state at ratios that balance the
properties of the two. Combined in this way, the individual polymer chains are not
covalently linked and therefore retain their individual properties in the different subregions of the macroscopic material. However the macroscopic properties of the material
are altered in a beneficial manner similar to that of composites. Melt blending of
synthetic absorbable polyesters for medical devices has been investigated for use in
surgical staples as noted in patent literature, but much of this work has focused on
glycolide-based compositions and therefore shortened in vivo application times [42-43].
Considerable attention has been directed at increasing the impact strength of
PLLA with PCL to create fully biodegradable materials with applications in disposable
consumer products. Experiments were successful in reducing the stiffness of the PLLA
matrix and offering improved impact toughness by increasing the PCL content [44-47].
In a bending analysis of blends, Todo and coworkers obtained results of two times the
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absorbed energy at impact fracture of 15% weight PCL blends over neat PLLA; a similar
effect was observed by Broz in poly(D, L-lactide) blends with PCL.
Several authors have noted the effect of modifying the PCL spherical particle size
of PLA/PCL blends to alter mechanical properties, in the form of greater elastic modulus,
tensile and bending strength, and reduced facture energy, through the use of annealing
steps [48]. Hongwei and coworkers demonstrated the ability to control dispersion of PCL
as well as crystal size within a PLLA matrix in injection-molded parts by adjusting the
mold temperature [45]. Using up to 20% weight of PCL, this research determined
increases in impact strength could be attained by with larger PCL spherical particle size.
Gains in advantageous properties for PLLA/PCL systems are thought to be
limited due to the widely documented immiscible nature of the two materials in each
other, resulting in distinct phases [46, 49-51]. Thus, attempts have been made to improve
miscibility through the induction of additional molecules to the blend system. Additives
such as lysine triisocyanate and tricyclohexyl-1,3,5-benzene-tricarboxylamide have been
used to increase the miscibility of the PLA and PCL phase boundaries and as well as to
promote crystallization, thereby increasing impact strength [45, 48]. Block copolymers
of ethylene oxide and propylene oxide at low molecular weight have been employed,
with the net effect of reducing elastic modulus while also increasing fracture energy from
that of neat PLLA. This result is similar across the range of blend ratios, thereby
demonstrating an increase in material toughness [46, 50]. Na and coworkers attempted to
improve phase adhesion of PLLA/PCL blends by attaching a polyethylene glycol (PEG)
block to PCL and introducing it to the blend system [51]. The introduction of the PCL-bPEG in concentrations less than 10% to the system composition of 80/20 PLLA/PCL
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resulted in significant increases in modulus and strain at break, while resulting in modest
decreases in maximum stress. In other studies, this composition ratio has been shown to
have the highest elongation and impact strength of predominantly PLA systems [52].
Additional attempts have been made to compatibilize PLA/PCL blends through the use of
copolymers of PLA and PCL in a blocked organization [53].
As the majority of the PLLA/PCL blending investigations are from a materials
science perspective, little attention has been given to the degradation rate and changes in
morphology of the blended materials throughout their degradation cycle. Since both
individual materials degrade at different rates, the transfer of strength properties during
hydrolysis presents interest from a biomechanical standpoint in that the rate of loading of
healing tissue could be modulated. Some drug delivery investigations have been
conducted and demonstrated that blending of PCL with PLLA could increase degradation
times from that of neat PCL due to the interruption of PCL crystalline structure [54].

Considerations of Injection Molded Parts
Even the most novel polymeric material must be able to be processed into a useful
geometry for a device to be realized. Injection molding allows the creation of complex
shapes and surface textures at high rates. Unlike extrusion processes, additional chain
orientation and therefore strengthening cannot be achieved through plastic deformation
processes, such as drawing, since these processes greatly alter part geometry. Molded
parts are rarely annealed to resolve stress and encourage crystallization within the part
since this risks warping or otherwise altering part geometry if constraints are not used.
Therefore, once parts are ejected from the mold the polymer characteristics are more or
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less fixed. As a result, injection molding provides an economical means of rapidly
producing uniform parts.
To begin the molding process, pelletized or granular polymer resin is conveyed
into the barrel by a screw. Especially in the case of absorbable polymers, the resin must
be pre-dried to low moisture content of 250 ppm or less to prevent degradation by
hydrolysis in the barrel [55]. The injection molder’s barrel consists of a series of zones,
progressively increasing in temperature such that the resin is gradually heated to a molten
state and mixed by the screw as it conveyed forward to the barrel’s tip. A shot of molten
polymer consisting of the volume of the part to be made is collected at the tip as the mold
cavity is clamped shut via a pneumatics press. Once the appropriate volume is collected,
the screw plunges forward to deliver the molten polymer shot into the mold. The screw
is held in the forward position as it continues to apply pressure to the molding polymer
until the part solidifies, to prevent backflow of polymer. This step is referred to as the
pack stage. Channels interior to the mold cavity provide a means to pass heated or
cooled fluid to control mold temperature. During the shot, the mold is preheated to allow
better flow of the molten polymer during filling and crystallization during the pack.
Once the part is adequately quenched, the mold is opened by a hydraulic press and parts
are removed via ejector pins. Melt temperature, mold temperature, pressure, mold
geometry, and injection flow impact final part properties, allowing variable levels of
crystallization and chain alignment within the parts [56].
Mold design itself is critical to formation of parts. As the molten polymer moves
through the mold, the boundary layer touching the mold wall immediately cools and
begins to freeze, thereby resisting the flow of the rest of the molten polymer into the rest
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of the cavity’s space. Since polymer is injected into the mold from one or two places to
fill the cavity, freezing occurs first at the part gate and along the walls of the cavity,
gradually restricting subsequent flow into the part and limiting the flow length potential.
In addition, the melt may flow around features and rejoin, thereby creating weld lines.
Therefore, the creation of long, thin parts such as cable ties is a challenge as the cavity is
likely to be restricted by frozen polymer before the part can be completely filled. Aspect
ratio, termed the ratio of the length of the part to diagonal of part cross section, can be
identified as a limitation to the formation of a part [36].
The viscoelastic response of polymer melts can also account for challenges in part
formation. Polymeric materials have different viscosities at different temperatures and
different responses to shear forces causing them to flow. Some polymers, such as nylon,
have characteristically low melt viscosity at temperatures far from the thermal
degradation points, which make them suitable to create high aspect ratio parts. For this
reason the majority of traditional cable ties are typically made from nylon. Of the two
materials of interest, PCL has the higher melt elasticity and viscosity, which assumedly
contributes to the difficulties preventing phase separation when the two materials are
blended into the same system [52, 57].
Both PLLA and PCL have been processed using injection molding techniques for
medical applications. Articles such as plates, pins, screws, and even porous tissue
scaffolds have been produce from molded PLLA [58]. Crystallinity and molecular
orientation in PLLA parts have shown to be primarily developed through shear stresses
rather than by thermal factors and affect yield strength more predominantly then elastic
modulus [59]. Molecular orientation and crystallinity in both materials have been
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increased through use of rapidly actuating piston systems throughout a range of process
temperatures, though these systems are not widely used [60]. As in many molding
applications, molecular weight of either material is reduced as part of the molding
process due to thermal instability, though this is more prominent in PLLA [21, 32].

STATEMENT OF PURPOSE:
Modulating key properties within a material allows engineers the ability to hone a
material to the specific parameters necessary to bring their ideas to fruition using classes
of materials already approved for use in the Food and Drug Administration or other
regulatory bodies. This approach means a shorter pathway to market, more time spent
working on device specifications, and ultimately better patient care. The focus of this
thesis is to modulate l-lactide and ε-caprolactone through copolymerization and blending
in an injection molded format to identify materials that have a long strength retention,
high flexibility, and are capable of bearing tensile loads at in vivo conditions throughout a
simulated cycle of use for applications as an absorbable orthopedic cable tie. Specific
aims of this thesis are to:


Create lactide/caprolactone molded articles at ratios of 75:25 composition
using blending and copolymerization techniques with PLLA and PCL
controls



Analyze the articles for the effects of organization on structure and
mechanical properties which would be relevant to an absorbable cable tie.



Assess the property retention in an in vitro simulation.
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MATERIALS AND METHODS

To effectively study how properties could be modulated to create a long lasting,
absorbable material using two base monomers, both copolymer and blend systems were
created. This required custom synthesis and processing. After the materials were
created, they were injection molded into tensile bars to allow the controlled study of a
myriad of properties. The goal was to create polymeric parts with the same shape, total
repeat unit composition, and polymer chain length to allow a controlled study of the way
in which the chains interact and the subsequent effect on key performance properties.

Materials
Reactants for polymer synthesis were l-lactide sources from Purac®, εcaprolactone sourced from ACROS Organics, and initiators sourced from Sigma Aldrich.
Tin (II) 2 –ethylhexanoate was used in solution with toluene as a catalyst, with both
components purchased from Sigma Aldrich. Poly l-lactide resin was purchased from
Purac® with an inherent viscosity (IV) of 2.52 dL/g, per the certificate of analysis under
the trade name PURASORB® PL 24. Poly-(ε-caprolactone) resin was obtained from
Dow Chemical, catalogue #166056, with an approximate IV of 1.30 dL/g. Solvents for
purification and proton nuclear magnetic resonance (HNMR), acetone and deuterated
chloroform, were purchased from Sigma Aldrich and Fischer Scientific respectively.

Synthesis
Copolymers were synthesized using 75 weight percent l-lactide and 25 weight
percent ε-caprolactone with varied reaction conditions to create polymers with
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customized linear structures. Reactions were conducted in a 1L stainless steel kettle.
Prior to synthesis, reactants were dried under isolated vacuum of less than 1.5 torr to
remove moisture. All reactions used a 0.2 M tin (II) 2 ethylhexanoate in toluene solution
as the catalyst and were reacted under a nitrogen blanket.

Diblock copolymer
A diblock copolymer was created by charging the kettle with caprolactone and 1decanol as the initiator. This was reacted to completion at 160°C. The temperature was
then reduced to 120°C to add l-lactide and mix. Temperature was then increased to
160°C to carry out the second and final reaction step.

Triblock copolymer
A triblock copolymer was created by charging the kettle with caprolactone and
adding 1,3-propanediol as the initiator. The initial charge was reacted to completion at
160°C. While maintaining temperatures, l-lactide was slowly added and the reaction was
carried to completion at that temperature.

Random copolymer
A random copolymer was created by charging the kettle with caprolactone and llactide while mixing thoroughly. Then 1,3-propanediol was added as the initiator. The
reaction vessel was brought to 100°C to mix the reactants. The temperature was
increased to 160°C and reaction carried out to completion.
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Low Molecular Weight Copolymer
Additionally, a low molecular weight block copolymer was formed using 50
weight percent l-lactide and 50 weight percent ε-caprolactone as a potential surfactant
molecule. The reaction kettle was charged with caprolactone and 1-decanol as the
initiator in a lower ratio, and reacted to completion at 160°C. The kettle and components
were reduced in temperature 110°C and combined with l-lactide. The temperature was
then increased to 180°C to react.

Isolation and Size Reduction
After reaction, each polymer was isolated from the reaction kettle, embrittled in
liquid nitrogen, and milled for size reduction. The milled polymer was sieved with a 0.5
mm screen to remove fines and a 4.0mm screen to remove large granules. The polymers
were the placed in a 3 to 1 solution of isopropyl alcohol to acetone solution under
agitation for 3 hours to extract monomer and dried overnight.

Blending
Blends of 75 weight percent poly-l-lactide and 25 weight percent were prepared
by weighing the correct amounts of resin into the same container and shaking until
homogenous in appearance. An additional blend was created by adding 2 weight percent
of the low molecular weight block copolymer after mixing of the two primary
constituents. Blends were combined in the melt state using a custom ¾” extruder with
three heating zones from Alex James and Associates, then chipped into pellets of
approximately 2.0 mm diameter by 3.0 mm in length to allow additional melt processing.
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Injection Molding
Copolymer and blend formulations were injection molded using an Arburg
Allrounder 270C with a 33 ton injection press. Prior to molding, resins were dried at
<1.0 torr of vacuum for 1 week. Resins were molded into Type V tensile bars, the
geometry of which is described in Figure 3.

Figure 3: Tensile Bar Geometry per ASTM D 638-02a [61]. Type V was used for this study.

All parts were created using an injection flow of 5.0cc/s and an injection pressure
limit of 1500 bar. The poly-l-lactide, blends, and copolymers were molded with a melt
temperature of 213°C and a mold temperature of 57°C. PCL was molded with a melt
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temperature of 120°C and a mold temperature of 18°C. Figure 4 illustrates the locations
of the described temperatures and equipment.

Hopper
Heated Barrel

Mold

Melt
temperature

Heater

Heat
zone 3

Heat
zone 2

Heat
zone 1

(mold
temperature)

Chiller
(temperature
control loop)

Figure 4: Molding Process Temperature Schematic.

Analytical Methods
Mechanical Properties
Mechanical testing was conducted on a screw-actuated system using an MTS
Synergie 2000 with a 1kN load cell. For tensile testing, grip separation was set at 25.4
mm and strain rate at 100.00 mm/min in accordance to ASTM D638-02a [61]. Sample
were preconditioned in 40°C water for at least 10 minutes, loaded into the grip fixture,
and tested to failure. Elastic modulus was calculated using a 0.002% offset, and yield
and ultimate stresses were determined from the stress-strain curve.
Three point bend testing was conducted using a custom three point bend fixture.
The test fixture had rollers with diameters of 6.23 mm and a sample span distance of 12
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mm. Samples were preconditioned in 40°C water for at least 10 minutes, loaded into the
fixture and tested to 15% strain or failure at a strain rate of 50.00 mm/min per ASTM
D790-02 [62].

Thermal Properties
Differential scanning calorimetry (DSC) was conducted to determine the melting
range and chain behavior of the materials according to ISO 11357-3 [63] using a PerkinElmer Pyris 6 DSC. Primary scans of the materials were obtained from 20°C to 220°C
with a heating rate of 10°C/min. Reheat scans of the materials were obtained by
quenching the samples at a rate of 10°C/min to 0°C and repeating the first-pass heating
scheme up to 240°C.

Chain Size Measurements
Gel permeation chromatography (GPC) was conducted using a Waters GPC to
determine polymer chain distribution characteristics. The GPC was equipped with four
columns, Styragel® HR THF sizes 0.5,2,4, and 6. Dichloromethane (DCM) was used as
the eluent and the system was calibrated using polystyrene standards. Samples were
dissolved in DCM to a concentration of 4 mg/ml, shaken for an hour until dissolved, and
filtered with a 0.45 um filter. An injection volume of 25 µl and a transfer time of 50
minutes were used for all samples.
Inherent viscosity (IV) was determined using a Cannon Fenske Routine U-Tube
Viscometer using a comparative solvent method. Samples were dissolved at a
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concentration of 1 mg/mL in chloroform. Efflux readings were taken at 25°C for pure
solvent and sample solution to determine viscosity [64].

Composition
Proton nuclear magnetic resonance (NMR) was conducted to using a Jeol 300
ECX spectrometer. Samples were dissolved in deuterated chloroform at concentrations
of 20 mg/mL and data collected with a 16-scan profile. Peak ratios were evaluated to
determine sample composition.

Scanning Electron Microscopy
Images of the polymers were obtained using field emission scanning electron
microscopy (FE-SEM). A cryofracture process was conducted on neat samples that were
then sputter coated in gold. Prepared samples were loaded into a SE4800 SEM and
images obtained using an accelerating voltage of 20 kV.

In Vitro Analysis
An in vitro study was conducted using simulated degradation conditions within
the body, following ASTM F1635-04a [65]. Tensile bar samples were placed in 50 mL
centrifuge tubes (VWR) and filled with 100 mM phosphate buffered saline at 7.4 pH.
The filled tubes were then placed in a constant temperature incubator at 37°C for the
required amount of time, with the buffer maintained at ±0.2 pH throughout the length of
the study. Seven samples per material per time point were used. Samples were removed
at 3, 6, 9, and 12 weeks. Upon removal from the incubator, samples were immediately
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tested for strength characteristics. Samples tested for other properties, such as molecular
weight or melting point, were rinsed with deionized water and then dried to a constant
weight under reduced pressure of less than 1 torr prior to testing.

Statistical Analysis
During analysis, statistical testing was conducted using a Student’s t-test for
comparisons between two groups or using one way Analysis of Variance (ANOVA). In
the case of ANOVA, a Tukey post hoc comparison was used to determine which groups
displayed a significant difference. For determination of significance, a p-value of 0.01
was used for all tests.
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RESULTS AND DISCUSSION
For the purposes of discussion, the following notation will be employed as
reference to each material’s unique composition and structure. In Table 1 materials are
identified with an abbreviation relating its theoretical composition to structure and
theoretical molecular weight.

Table 1: Explanation of Abbreviations
Abbreviation

Target Composition

Structure

Theoretical
Molecular
weight

PCL

100% poly-(ε-caprolactone)

homopolymer

unknown

PL

100 % poly-l-lactide

homopolymer

unknown

diblock copolymer

21.4 kDa

blend

unknown

BL+2

50 wt. % l-lactide
50 wt. % ε-caprolactone
75 wt. % polylactide polymer
25 wt. % polycaprolactone
polymer
75 wt % polylactide
25 wt% polycaprolactone,
with 2 wt % of SF added to
blend

TRI

75 wt % l-lactide
25 wt % ε-caprolactone

blend with 2% SF
added
triblock copolymer,
caprolactone center
with l-lactide end
grafts

RAND

75 wt % l-lactide
25 wt % ε-caprolactone

random copolymer

260.7 kDa

DI

75 wt % l-lactide
25 wt % ε-caprolactone

diblock copolymer

260.7 kDa

SF

BL

unknown

260.7 kDa

All polymers are linear in structure. For polymers synthesized to support this
study, the theoretical molecular weight is provided. Selection of monomer to initiator
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ratio was chosen based on experience with high lactide copolymers to provide a target IV
of 2.4 dL/g, the IV of the poly-l-lactide supplied by Purac®. The exception to this was
SF, which was designed to be a low molecular weight additive.

Confirmation of Polymer Conversion
Inherent Viscosity
A coarse measurement of polymer chain size was obtained through inherent
viscosity (IV) measurements. This provided means of confirming the successful synthesis
and blending of materials into the same molecular weight. As demonstrated by the
values in Table 2, pre-molding IV of the synthesized copolymers, TRI, RAND, and DI
were similar to that of the PL control, 2.26-2.38 dL/g compared to 2.52 dL/g. This
indicates the polymers have a similar hydrodynamic volume in solutions and therefore
that synthesis targets were met. As PL was purchased as a control, it also mean synthesis
was successful in approximating the chain size of the control.
Table 2: In-Process Inherent Viscosity
Material
PCL
PL
BL
BL+2
TRI
RAND
DI

Pre-Molding IV
(dL/g)
1.30
2.52
2.00
2.00
2.38
2.26
2.32

Post-Molding IV
(dL/g)
1.21
2.10
1.86
1.83
2.29
2.14
2.09

IV Drop
%
(dL/g) Change
0.09
7%
0.42
17%
0.14
7%
0.17
9%
0.09
4%
0.12
5%
0.23
10%

Blend polymers, BL and BL+2, were both measured with an IV of 2.00 dL/g.
The lower initial IV was expected because these materials were produced by melt
compounding PL and PCL; melt processing of absorbable materials causes chain
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degradation under the best of circumstances, and an IV reduction is expected.
Additionally, PCL was purchased with a lower initial IV than PL, so these IV
measurement are actually representative of two distinct polymer populations with
different chain sizes, in the case of BL, and three distinct polymer populations, in the case
of BL+2.
It is interesting to note that the 2% presence of low molecular weight SF in BL+2
did not appear to shift the IV as would be expected of a lower molecular weight material.
This could indicate improper dispersion of the SF polymer in during compounding, but
more likely is an artifact of the bias in inherent viscosity methods toward preferentially
representing the contribution of longer chain polymers.
In addition, Table 2 provides IV measurements of post-molded articles as an
indication of degradation from heat and shear of the molding process. Most materials in
this study experience an IV drop of 4-10% during molding. Research at Poly-Med has
demonstrated that up to 20% IV reduction in melt processing has provided acceptable
performance in strength and degradation profile. PL experienced the highest IV drop
during the molding process both in terms of actual reduction and percent change, losing
17% of initial IV. As a result, PL’s post-molding IV was within the range of the
copolymers, dropping slightly below that of TRI and DI molded parts.

Gel Permeation Chromatography
Polymer chain characteristics were initially evaluated through GPC after injection
molding, and for the surfactant, SF, prior to compounding. As noted in Table 3, PL, TRI,
RAND, and DI specimens all had similar molecular weights within 8 kDa of each other,
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ranging in Mn from 179 to 187 kDa. These materials also had similar IV results, from
2.09 to 2.29. The blended materials exhibited much lower molecular weight, with BL at
142.4 kDa and BL+2 at 131.5 kDa, which were close to each other but lower than the
copolymers and PL control. Of the molded materials, PCL had the lowest post molding
number average molecular weight (Mn) of 101.8 kDa, which was even lower than the
blended compositions.

SF, the surfactant, was synthesized with a much lower molecular

weight. Results from the study showed the polymer to have a molecular weight of 41
kDa, less than a fourth of the PL control.

Table 3: Initial Molecular Weight of Tensile Bar Specimens
Sample
PCL
PL
BL
BL+2
TRI
RAND
DI
SF

Initial Molecular
Weight, Mn
(kDa)
101.8 ± 2.9
187 ± 14.9
142.4 ± 2.5
131.5 ± 4.8
179.1 ± 13.8
187 ± 18.3
182 ± 0.9
41 ± 0.7

Note: Data presented as average ± standard deviation. Results represent n=4 samples

GPC results from these groups were consistent with the IV data presented in
Table 2 in terms of grouping and relative weight of each material. Statistical analysis of
Mn values using ANOVA shows there was a statistically significant difference between
all means, at a confidence level of 99%, with a Tukey post hoc comparison determining
PL, RAND, DI and TRI without difference, and BL and BL+2 without statistical
difference. This supports the observations from the IV data.
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The blended materials had a reduced molecular weight compared with that of the
copolymers. The reduction in molecular weight from the copolymers and PL control was
expected for two reasons. Primarily, BL and BL+2 contained 75% PL and 25% PCL by
weight, with the addition of low amounts of SF in the case of BL+2. Since the molecular
weights of PL and PCL differ greatly, 187 kDa compared to 101.8 kDa, a blending of the
two would produce a material that had a reduced combined average molecular weight. In
the case of BL+2 with 2% addition of SF, the much lower molecular weight of SF would
further reduce molecular weight. Taking this into account, the average molecular weight
would be 165.3 kDa for BL and 162.8 kDa for BL+2. This, however, is still higher than
the actual results of 142.4 and 131.5 kDa respectively. The additional factor that could
account for the greater than 14% difference in theoretical versus observed molecular
weight was the additional processing step used to create the materials; the blends were
compounded using a melt process. Even with precautions of drying and selecting mold
process settings which should minimize shear, some chain scission occurs during melt
processing of absorbable polymers. This accounts for the additional drop in molecular
weight. Interestingly, GPC curves for the BL+2 did not demonstrate a separate peak for
the low molecular weight SF element it contained.

BL+2
SF

Figure 5: GPC Overlay of BL+2 and SF.
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Composition
NMR was used to identify the relative composition and blocking ratio as well as
monomer content. Test results include n=3 for each sample. The initial data obtained
from NMR, as displayed in Table 4, demonstrates success in the synthesis of theoretical
composition of all polymer groups. PL and PCL controls were identified as 100% of
their respective monomers. The blended materials, BL and BL+2, were 75% and 74% llactide, as would be expected from a physical blending of materials. Of the materials
created via reaction, all three were close to the expected composition based on charge.
DI was exactly as designed, TRI 76% l-lactide, and RAND showed the largest variance
from the expect compositions, with 79% l-lactide. Residual monomer content was
minimal from all groups. Only RAND and DI demonstrated a monomer signal, each at
1% of total composition. This designates good conversion within the reaction and
successful purification steps.

Table 4: Initial Composition as Obtained by HNMR
Blocking
ε-cap to l-lac
εbonds: ε-cap to εcaprolactone
cap
0±0
0:100
0±0
0:0
0±0
0:100
0±0
0:100
0±0
2:98
1 ±0
43:57
0±0
0:100

% monomer
Sample
Name
PCL
PL
BL
BL+2
TRI
RAND
DI

wt.% llactide
0 ±0
100 ± 0
75 ± 0
74 ± 1
76 ± 0
79 ± 0
75 ± 0

wt. % εcaprolactone
100 ± 0
0±0
24 ± 0
26 ± 1
24 ± 0
21 ± 0
26 ± 0

l-lactide
0±0
0±0
0±0
0±0
0±0
0±0
1±0

Data presented as average ± standard deviation. Results represent n=3 samples.
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The bonds between like monomers and different monomers can be observed in
the HNMR trace by differences in the signals of the polymerized monomers (see
Appendix A). By comparing the ratios of the two signals for ε-caprolactone, the amount
of blocking was determined. If a highly blocked structure exists, the presence of εcaprolactone to l-lactide bonds is negligible compared to ε-caprolactone to εcaprolactone bonds. As noted in the data, RAND achieved a randomized structure, with
a high level of both types of bonds persisting at ratios 43%:57%. With the exception of
TRI, all other polymers were observed with highly blocked structures. TRI was observed
with a ratio of 2%:98%. Theoretically, TRI structure has two l-lactide blocks, meaning
there is are a total of two l-lactide to ε-caprolactone bonds per chain. This is twice the
number of bonds per chain as would be expected of the DI structure but should still not
constitute 2% of the total bonds in the entire polymer. The data could indicate a slight
amount of randomization within the TRI structure or could demonstrate the threshold of
detection for the NMR system.
The data from these tests corroborate successful creation of materials for further
evaluation. The copolymers and PL all had similar molecular weight to serve as a
measure of control during the study. The similarity in molecular weights demonstrates
that polymer synthesis was effective in sizing the chains appropriately and that the
molding process used was equally suited for these materials. PCL displayed a low
molecular weight which was biased by the purchased starting molecular weight, and not
degradation of the chains during aggressive process conditions. In addition, HNMR
demonstrated polymer composition to be on target and organization of secondary chain
structure to be as intended.
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Initial Properties
Electron Microscopy
SEM was used to investigate the morphology of sample materials for evidence of
phase separation. This information provides insight into how generally immiscible
polymers such as PCL and PL organize themselves when forced into the same materials.
A cryofracturing process was used to obtain the samples for microscopy to prevent
deformation of the materials, thereby minimizing distortion of the phase regions.
As shown in Figure 6, the homopolymers PL and PCL display limited surface
features, as would be expected of materials with uniform chemistries, and thus no
separation of phase. The rest of the materials display surface texturing, and therefore
demonstrate separation regions of the constructing materials. Both the shape and
distribution of these features describes how PCL and PL are forced to interact within the
system. The blend BL contains small spherical indentations and domes that correspond
to PCL regions within the sample. These spherulites are created by PCL attempting to
minimize contact with PL, resulting in phase separation. BL+2, the other blended
material, revealed a completely different topography. The area is completely covered in
rounded indentations and raised features, which could be characteristic of many
microphases of each material. The difference between the two blended compositions was
the addition of a third component, SF, which was a low molecular weight copolymer of
both PCL and PL. Qualitatively, the difference in surface texture implies that SF was
successful in modulating the phase regions of the blended construct, forcing increased
interaction between the larger system components.
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Figure 6: FE- SEM of Cryofractured Tensile Bars at x10k Magnification.
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The copolymeric samples exhibit different topography as well. TRI molded
articles appear similar in phase construct to BL, with small featured regions on a largely
uniform background. However, these regions appear to be crescent shaped. Unlike the
BL material, the PL and PCL parts of the TRI molecular are joined covalently, which
forces interaction and the formation of crescent spherulites. The presence of phase
separation in the micrograph demonstrates that like areas of each TRI polymer chain are
interacting with like regions of the chain, and, to some extent, can separate themselves
into phase regions, but the covalent interaction within the chain prevents complete
sequestering of PCL into spheres.
The other block copolymer, DI, has more circular features that those seen in BL,
though not as perfect. Unlike BL, DI contains large, shelf-like features that interrupt the
background of the image. Due to the construction of the DI molecule with larger PL
segments than those found in TRI, it is not surprising that this material has more similar
phase morphology to BL. However, like TRI, the covalent interactions between the PCL
and PL portion of the chain prevent the compartmentalization of PCL completely into
spherulites. The presence of the larger shelf features could indicate a larger distribution
of chain interactions with an anchor-like effect of large sections of the bulk material.
The randomly organized copolymer provides the most diverse micrograph. The
large regions of uniform, flat features exist alongside what appear to be bands of fibrillike features. Bands of contoured uniformity and fibrils appear to be oriented in the same
direction and equally spaced. Randomized covalent linkage of the copolymer would
make it difficult for regions of the chain to organize into different phases, which would
explain the breadth of observed features, the organization of which could be a function of
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bulk chemistry. Since the samples exhibit a low amount of crystallinity (as shown in DSC
plots in later sections), the larger, flat sections could be groupings of primarily
amorphous chain regions, with fibrils representing the small amounts of crystalline
sections. Compositions of each area cannot be determined with the present data, but it is
theorized that the fibrils represent primarily PCL portions of the chains, due to its
presence as the minor constituent of each chain.

Differential Scanning Calorimetry
An analysis of thermal properties was performed using DSC methods. Scans
were analyzed for peaks and peak area, or ∆H. The latter measurement corresponds to
amount of crystallinity and provides information about organization of polymer chains
within the molded parts. Figure 7 and Figure 8 show representative scans from the first
and second heating cycles, respectively. The first heating cycle displays the materials as
molded, thereby providing information about the in-part crystallinity developed by the
injection molding cycle. The reheat scan presents the thermograph of melt and
crystallization events once the thermal history from processing was erased by the DSC,
thereby allowing the estimation of the bulk material properties by subtracting these
values from the initial curve to remove the DSC induced crystallinity. The first heating
cycle is of greater interest in this study and therefore used in future analysis. Tabulated
information for the first heating cycle is displayed in Table 5.

34

PCL
PL
Endothermic

BL
BL+2
TRI
RAND
DI

0

50

100

150

200

250

Temperature (⁰C)
Figure 7: DSC Scan of Initial Molded Parts. Individual scans of representative samples.
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Figure 8: DSC Scan for Reheat of Initial Molded Parts. Individual scans of representative
samples.
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Table 5: DSC Melt Events at Initial Time

Sample
PCL
PL
BL
BL +2
TRI
RAND
DI

1st Peak
(°C)
63.3 ± 0.9
69.1 ± 2.6
62.1 ± 0.8
63.0 ± 3.5
58.5 ± 3.7
60.2 ± 2.5

ΔH 1
(J/g)
78.0 ± 2.8
9.6 ± 5.0
33.9 ± 6.3
19.5 ± 7.4
10.2 ± 5.3
17.1 ± 2.7

2nd Peak
(°C)
92.3 ± 6.8
87.3 ± 2.7
87.3 ± 0.8
81.9 ± 3.2
85.8 ± 5.2

ΔH 2
(J/g)
-16.9 ± 3.7
-6.7 ± 2.2
-12.5 ± 0.7
-10.4 ± 2.0
-13.2 ± 1.6

3rd Peak
(°C)
182.1 ± 1.9
174.2 ± 3.5
180.5 ± 0.7
173.3 ± 1.1
139.2 ± 0.7
177.3 ± 0.6

ΔH 3
(J/g)
46.8 ± 8.2
15.8 ± 1.6
35.8 ± 1.3
29.4 ± 3.0
7.5 ± 1.8
35.2 ± 3.1

Note: Tabulated data is shown below from DSC testing. The data is presented as average ± standard
deviation of n=4 samples. Positive values represent an endothermic event while negative values represent
and exothermic event.

In the first heating scheme, represented in Figure 7, RAND shows the lack of
melting or crystallization peaks, which confirms the amorphous structure expected for a
random copolymer. The other test materials display two distinct peaks. The melt
endothermic peak from PCL corresponds to 63-64°C, which is an expected melting
temperature for the material. With the exception of RAND, the molded articles exhibit a
peak at approximately this location.
In the reheat scan shown in Figure 8, the PCL melt peak narrows in width,
signifying more uniform crystalline structure. This change is also observed in BL and
BL+2, the blended materials, which consist of a melt blended mixture, while the PCL
peak disappears in the copolymers DI and TRI. This shift is indicative of residual stress
events from the molding process. Reheat scans in reference to the original also indicate
an increase in height and definition of the pre-melt exotherm as well as a temperature
increase to 110°C. PL displayed the most pronounced increase in peak at this location
and therefore in crystallization. High temperature melt peaks experienced similar
increases in definition, though no increases in temperature.
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PCL presented an endothermic event at 63.3⁰C, corresponding to the material’s
melting temperature. PL presented three distinct thermographic events: a small
endotherm at 96.1⁰C, indicating the glass transition temperature, an exothermic peak at
92.3⁰C indicating a pre-melt crystallization peak, and a large endothermic peak at
182.1°C corresponding to the material’s melt temperature. The other materials, which
are various combinations of these two and with the exception of RAND, exhibited
thermographic profiles with a combination of these features. Figure 9 illustrates the peak
overlap of the two controls, with a combination material overlaid for reference. With the
proximity of the PCL melt peak and the PL glass transition temperature, it is difficult to
distinguish if the combination materials are demonstrating glass transition events, melt
events, or both at the same time.
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Figure 9. Thermograph Detail of Selected Materials. Samples are n=1 selected materials for
the first heating cycle.
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Statistical analysis of the first peak temperature shows that there is a significant
difference (p < 0.01) between the peak temperature of all materials. An analysis of
variance with Tukey post hoc comparison showed that, of all materials, there is a
statistically significant difference between the peak temperature of PL and those of TRI
and DI. The same statistical analysis of crystallinity revealed there was a statistically
significant difference between four distinct groups. The first was PCL, the second was
BL, the third was BL+2 and DI, and the fourth was PL and TRI.

These groups are in

decreasing order of ∆Hf. While no material had ∆Hf values approaching those of PCL,
the values of the 2nd and 3rd group were 2-3 times larger than those of PL and TRI. This
result indicates that PCL portions of the test materials were organized with some
crystallinity. If crystallinity existed, the peaks could also indicate that portions of the
material may be melting at different times. Of interest is the statistically significant
difference between BL and BL+2, which demonstrates SF has an effect on molecular
structure.
Since PCL was completely melted at 71⁰C, this material could not be used in
additional analysis of thermographic events. PL, BL, BL+2, TRI, and DI all demonstrate
a pre-melt exothermic peak corresponding to a crystallization event. At that temperature,
the polymer chains have enough energy to rearrange which releases energy from the
system, as noted by the negative value. There was no significant difference of the
temperature of these events (p=0.05); however, there was a statistically significant
difference in the ∆H values. The Tukey post comparison concludes there is a significant
difference between the amount of pre-melt crystallization experienced by PL and BL,
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which had the highest and lowest ∆H values, -16.9 J/g and -6.7 J/g respectively, of all
materials at that temperature.
The third peak corresponds to the melting temperature of the l-lactide portions of
the chains. While the thermograph of RAND shows that it is largely amorphous, a small
peak was located at 139⁰C, which is reported in the data but is not included in the
analysis. The broadness of the peak and low ∆H support the observation that the material
is amorphous, but could have a small amount of spontaneous chain organization of the
major chain component. The peak disappears after reheat DSC cycles, as noted in the
difference between Figure 7 and Figure 8; this could be explained as a small peak due to
process-induced thermal stress.
For materials other than PCL and RAND, the second melt peak ranged from
173.3⁰C to 182.1⁰C. A statistically significant difference was detected between the
materials (p< 0.01). A Tukey post comparison showed no statistically significant
difference in peak temperature between PL and BL+2 or between BL and TRI. DI
presented no difference with either group. For crystallinity measurements, testing for ∆Hf
revealed a statistically significant difference between PL, TRI, and BL. In fact BL, had
about a third of the crystallinity at that temperature as compared with that of PL,
demonstrating the disruption of the PCL phase on the crystallization of the l-lactide
melting portions of the materials.
Taken on the whole, the DSC analysis of the materials demonstrates that
intentional grouping of like molecules is necessary to generate crystalline structure, as
noted with the small to absent peak in RAND. The data also demonstrates that
combining the materials modulates thermal properties to acquire elements of both the
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PCL and PL controls in varying degrees. As observed in BL, the presence of PCL within
the PL matrix greatly disrupts crystalline structure. However, materials with some form
of covalent linkage were able to develop more crystallinity, especially in the lactide peak.
Of particular note are DI and BL+2, whose DSC thermographs contain many similarities,
though one is a blend and one is a copolymer. In terms of thermal behavior, the presence
of the small linking molecule SF within BL+2 modulates the blend properties to mimic
those of covalent linkages between the PCL and PLLA portion of the DI molecule.

Bending Analysis
Data from 3-point bend testing was used to calculate bending modulus. The
introduction of ε-caprolactone either as polymeric block or as blended material was
successful in reducing the modulus, as observed in Figure 10. This outcome could be due
to either an interruption of l-lactide crystallization by the presence of caprolactone or the
inherent flexibility of caprolactone. The blended specimens, BL and BL+2, had less of a
reduction in bending modulus than did the materials with ε-caprolactone incorporated as
blocked segments in the polymer chain. This result is expected since the blended
materials have a microstructure of PCL spherulites within a PL matrix; the chain
movements would naturally be inhibited at phase boundaries and therefore interrupt
crystallization. The presence of the low molecular weight surfactant, SF, incorporated in
the BL+2 specimens had no effect on initial bending modulus.
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Figure 10: Bending Modulus at Initial Conditions. Data collected with n=10 specimens and
error bars represent +/- 1 standard deviation.

Of the copolymer materials, DI samples had the highest modulus followed by
TRI. Having one larger segment of l-lactide as opposed to two smaller segments, it is
reasonable the DI has a higher bending modulus than TRI because the longer l-lactide
segment could lead to larger crystal size inhibiting flexibility. RAND displayed the
lowest bending modulus of all materials tested, an order of magnitude lower than the
PCL control, i.e., 3.8 MPa vs 23.4 MPa. ANOVA with Tukey post hoc comparison
demonstrated statistically different modulus values for all materials except BL and BL+2
(adjusted p-value= 0.982).
Representative stress strain curves for each specimen are depicted in Figure 11:
Flexural Stress/Strain Curves. The bending load response of BL and BL+2 are very
similar, as demonstrated in their overlap. These materials, along with DI and the more
flexible TRI, presented curves with similar shape to that of PL, in varying degrees. With
the exception of RAND, results from all materials showed an inflection point in the
curve, which displays the end of elastic deformation and onset of plastic deformation.
This feature does not appear in RAND, indicating the material could have been more
elastically deformed if the limits of the testing apparatus had not been reached. Of all the
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materials, RAND was the only material to relax post testing into its original shape, which
supports the notion that the material had not finished elastically deforming.
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PL
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BL+2
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TRI
RAND
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DI
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0.00

5.00

10.00

15.00
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Figure 11: Flexural Stress/Strain Curves. Each curve denotes one representative sample. The
strain end point of the test was 15%, which was set to prevent interference of the fixtures. All
material reached the end point without fracture. Samples were preconditioned to 40⁰C. Strain
rate was 50 mm/min.

Also of note, RAND exhibited lower bending load than even the PCL control.
Since RAND contained a ratio of 75:25 l-lactide:caprolactone, it stands to reason the
bending response curve would lie somewhere between the PL and PCL homopolymer
control groups. As this was not the case, it is assumed the organization of the two
components in RAND did not present resistance to bending due to the random bond
patterns and associated interrupted crystal formation. DSC data confirms the low ∆Hf
values for the material, 7.5J/g for RAND versus 46.7 J/g for PL.
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Flexural modulus appears to be related to ∆Hf in all materials, not just RAND.
Higher ∆Hf values from the third peak, or l-lactide melt peak, correlate to higher bending
modulus values in all materials except BL. The modes of copolymerization appear to
have pronounced effect on bending properties. The reduced flexural modulus means
these materials would provide improved compliance for a flexible device such as a cable
tie.
Tensile Properties
Tensile testing conducted on the molded parts allowed analysis of strength
properties. Since analysis was conducted at body temperature, these results provide an
indication of performance immediately upon implantation. Representative stress-strain
curves for each of the materials found in Figure 12 provide insight into material
performance.
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Figure 12: Stress v. Strain of Tensile Bars at Initial Conditions. Data displayed with
logarithmic scale on the x-axis to display peaks of all materials at a meaningful scale. Curves are
n=1 samples and represents the median test specimen in the group. Samples were conditioned to
40⁰. Strain rate was 100 mm/min.
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The PL control had a distinctly brittle failure mode but also the highest tensile
strength by almost double. The PCL control had a low yield point, characteristic of a
ductile failure, extensive elongation, and a moderate ultimate strength. RAND displayed
similar extensibility to PCL without a distinctive yield point and with lower ultimate
strength. The rest of the test materials demonstrated similar but unconventional stressstrain curves marked by yielding of the material, followed by a gradual unloading prior to
break. The slow loss of strength after the initial peak represents some level of toughness
to the copolymers and blends, above that of neat PL. BL+2 exhibited this failure to the
least extent and could be described as having a lower toughness than the other materials.
Both blended materials showed evidence of fibrillation at the failure point, providing
additional evidence that phase separation occurred in these materials. Example
photographs of tested specimens are pictured in Appendix B.

Table 6: Baseline Tensile Properties of Materials at 40⁰C

Sample
Name
PCL
PL
BL
BL+2
TRI
RAND
DI

Tensile Modulus
(MPa)
300.7 ± 22.6
2,102.8 ± 75.7
1,534.9 ± 138.0
1,776.5 ± 64.5
1,339.2 ± 66.8
46.3 ± 33.9
1,650.7 ± 73.8

Yield Stress
(MPa)
16.9 ± 0.9
91.0 ± 2.8
48.3 ± 1.9
54.9 ± 1.8
40.5 ± 1.5
26.6 ± 2.0
54.8 ± 7.2

Break Strain
(%)
650.7 ± 39.2
4.8 ± 0.4
8.9 ± 6.7
1.0 ± 0.2
35.4 ± 11.2
190.3 ± 15.8
9.2 ± 2.2

Date as a result of n=7 samples. Format is average +/- 1 standard deviation

Table 6 provides a summary of key tensile properties for each material. As
shown, PCL and RAND exhibited modulus values an order of magnitude lower than the
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other materials. ANOVA with Tukey post hoc of modulus values demonstrated all
means were statistically different, with 99% confidence, with the exception of DI and BL.
Conducting the same test on yield strength provided similar results, with 99% confidence,
where all means were different, with the exception of DI and, this time, BL+2. With
statistically different results between the blended materials, BL and BL+2, the presence
of SF in BL+2 changed the molecular arrangement in the blend to create increased
stiffness and yield strength, but with lower break strain.
As well, it is noteworthy that the performance of the copolymer DI is similar to
that of both the blended materials. Specifically, DI displayed the lower stiffness
associated with BL, but the yield strength of BL+2. Structural similarities of these
materials are the likeliest explanation of the results. Of the test materials, these three
have the longest continual segments of l-lactide. However, it is arguable that the
interaction between the caprolactone and l-lactide phases is different, therefore
explaining the statistically different results. In BL, the two independent chains have
nothing to link them, allowing one phase to slide past the other. DI has a covalent bond
between segments, within an individual chain, which could allow local assembly of PL
and PCL phase regions while anchoring them to each other. BL+2 contains two
independent homopolymer chains, but with the addition of the SF molecule, which is a
copolymer of both monomers. This system could allow assembly of like phases in the
material, but with increased anchoring between the phases by the linking molecule,
therefore reducing slip between the two phases. SEM analysis demonstrated that phase
separation was occurring in each sample to corroborate this theory.
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In Vitro Evaluation
Molecular Weight Changes
Under in vitro conditions, the materials experienced different rates of degradation
in molecular weight and increase in polydispersity index (PDI). The loss of molecular
weight is an expected outcome since the ester-ester linkage between each repeat unit in
these materials is hydrolytically degradable and the materials have been exposed to an
aqueous environment at physiological temperature. An increase in PDI correlates to a
drop in molecular weight, since chains are cleaved in a random pattern. Therefore, the
expected outcome after time in vitro would be a lower Mn due to a shorter average chain
length and a high PDI, representing a larger spread in overall chain length. Figure 13 and
Figure 14 illustrate this point for each of the sample materials at the 3 week intervals of
data collection throughout the study.
PL and PCL controls experienced little to no reduction in molecular weight
through the 12-week study. In fact, PL experienced no statistically significant change in
either Mn or PDI throughout the course of the study. PCL samples experienced a
statistically significant change (p< 0.01) at 12 weeks from the rest of the time points, as
determined in the Tukey post hoc analysis.
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Figure 13. Molecular Weight Changes under In Vitro Conditions. Results at each point are
the average of n=4. Error bars are ±1 standard deviation. Tabulated data are included in
Appendix D.
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Figure 14. PDI Changes During Degradation. Results at each point are the average of n=4.
Error bars are ±1 standard deviation. Tabulated data are included in Appendix D.
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The blends, BL and BL+2 followed a similar, linear pattern of degradation in
molecular weight throughout the course of study. BL+2 experienced more loss at later
time points, as noted by the steeper negative slope and divergence of the data. Both
materials experience a slight increase in molecular weight at the 9 and 12 week time
points, though this increase was not statistically significant for either material. No
change in PDI was detected for eight materials, but the PDI of the samples was high
throughout each study time point. As mentioned, the blended samples contained
distinctly different populations of chain sizes; this result is attributed to the blend being a
mixture of two polymers, also perhaps the cause of the high PDI values.
The copolymers, TRI, DI, and RAND all experienced more drastic loss of
molecular weight and accompanying increases in PDI. TRI decreased molecular weight
in an approximately linear fashion, losing about 80% of initial Mn during the study. Mn
for these samples was distinctly different at t=0, t=3, and t=12 weeks, while the PDI was
different only at the 12-week time point. Both DI and RAND experienced a much faster
decrease in molecular weight, demonstrating almost exponential decay. While starting at
higher initial molecular weight, at the 3-week time point, molecular weights of DI and
RAND had all dropped below the molecular weights of the blends and PCL control.
According to results of the analysis of variance and Tukey post hoc comparison, DI
exhibited a statistically significant difference (p<0.01) in molecular weight at 0, 3, 6, 9
weeks, as well as in PDI. RAND tensile bars demonstrate the same result. The fact that
all copolymer materials experienced significant reduction in molecular weight at a rate
much greater that the blends, BL and BL+2, or the homopolymer controls demonstrates
these materials are much more susceptible to hydrolysis. In addition, this indicates that
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bond pattern of the copolymers is important to hydrolysis resistance. Based on
similarities in data between DI copolymer and blended materials, BL and BL+2, it would
stand to reason that this material would experience a similar rate of chain degradation.
However, the performance of DI samples was more similar to the randomized linkages of
RAND, which indicates that retention of Mn is not completely a function of the number
of lactide-caprolactone bonds of the material.

Composition
Throughout the course of the in vitro study, material composition was monitored
for changes via HNMR. Data from the study is displayed below in Table 7 with n=3
samples tested at every time point. Observing composition over the duration of the in
vitro study, there was a lack of statistically significant change in composition over time
for all specimen groups, with significance values ranging between p=0.253 for BL+2 to
p=0.011 for BL.
The data collected suggests no significant change in overall composition has
occurred due to exposure to in vitro conditions. The lack of monomer content in each
sample indicates that the samples have not yet been broken down into monomeric units
by hydrolysis within the sample environment. Chain cleavage occurs by breaking long
chains into shorter polymer chains, eventually into oligomers and finally into byproducts
such as lactic acid, hydroxycaproic acid, and carbon dioxide. The fact that both PL and
PCL are known hydrolytically degradable materials means that degradation is occurring
in these samples; however, this phenomenon is not observable by NMR at this point in
their degradation.
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Table 7: Composition as obtained by HNMR during in vitro degradation
% monomer
Sample
Name
PCL

PL

BL

BL+2

TRI

RAND

DI

Time in
vitro
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks
t=0
t=6 weeks
t=12 weeks

wt.% llactide
0 ±0
0 ±0
0.0±0.0
100 ± 0
100 ± 0
100 ± 0
75 ± 0
74 ± 0
74 ± 1
74 ± 1
74 ± 1
74 ± 0
76 ± 0
75 ± 1
76 ± 0
79 ± 0
78 ± 0
79 ± 1
75 ± 0
73 ± 1
75 ± 1

wt. % εcaprolactone l-lactide
100 ± 0
0±0
100 ± 0
0±0
100 ± 0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
26 ± 0
0±0
27 ± 0
0±0
26 ± 1
0±0
26 ± 1
0±0
27 ± 1
0±0
26 ± 0
0±0
24 ± 0
0±0
25 ± 1
0±0
24 ± 0
0±0
21 ± 0
0±0
22 ± 0
0±0
21 ± 1
0±0
26 ± 0
1±0
27 ± 2
0±0
26 ± 1
0±0

εcaprolactone

0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
0±0
1 ±0
0±0
0±0
0±0
0±0
0±0

Blocking
ε-cap to llac bonds:
ε-cap to εcap
0:100
0:100
0:100
n/a
n/a
n/a
0:100
0:100
0:100
0:100
0:100
0:100
2:98
4:96
5:95
43:57
44:56
43:58
0:100
0:100
0:100

Tensile Properties Under In Vitro Conditions
For load bearing absorbable materials, such as a cable tie, the rate of strength loss
determines functional life. It is ideal for the materials to degrade at a rate that matches
the rate of healing of the native tissue such that the load is transferred from the
absorbable device to the healing tissue, and the tissue is exercised during healing, thereby
promoting functional tissue growth over scar formation.
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One indicator of material change is the elastic modulus. Through the course of
the in vitro study, modulus was recorded every 3 weeks, with results displayed in Figure
15. The modulus of PCL changed negligibly throughout the study as supported by
ANOVA analysis of the data over time. All other study materials, except RAND, did
experience a statistically significant reduction in modulus throughout the length of the
study, starting at the 6-week time point. RAND appeared to increase in stiffness over
time, an outcome which is most probably associated with chain reorganization due to heat
and cleavage of chain segments, resulting in the chains crystallizing over time at body
temperature. DSC data confirms this theory and reveals a statistically significant change
in ∆Hf between 0 and 3 weeks of 7.5 J/g to 20.7 J/g (See Appendix C).

Tensile Modulus (MPa)
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Figure 15: Tensile Modulus Changes over In Vitro Life. Data represents n=7 at each point.

Another noteworthy observation is the modulus reduction of PL at week 12. A
large reduction in its modulus occurred, resulting in values approximately equal that of
the copolymers and blends, even though starting modulus was significantly higher. This
is interesting as Figure 13 indicates that molecular weight of PL is clearly larger at 12
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week than that of other materials. Other materials experiencing low levels of Mn loss
include BL and BL+2, both of which also decreased in modulus; materials such as DI and
TRI experienced close to 80% loss of Mn at 12 weeks, yet had a similar modulus to the
blended materials at the 12 weeks. This observation supports the conclusion that

Yield Stress (MPa)

modulus is not driven by Mn.
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Figure 16: Yield Stress under In Vitro Conditions. Data collected at n=7 for each. RAND
was unable to be tested at the 12-week time point.

Analysis of yield strength throughout the duration of the study provides an
indication of load bearing capability of parts created from these materials. Degradable
materials lose strength over time under in vivo conditions. For bulk degrading materials
such as these, this loss occurs prior to significant loss in mass of the materials and
therefore provides an indication of chain degradation. It is important to note that this
study did not include an assessment of the materials after full loss of strength, which
inevitably would occur, but rather an assessment period long enough to establish their
potential for use in an orthopedic setting through a clinically relevant endpoint. It is also
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important to note that these materials did not bear load in the in vitro simulation, which is
known to increase degradation rate.
Consistent with the original tensile data, PL had the highest yield strength even at
the end of the study as represented in Figure 16. DI and RAND experienced a regular
pattern of large yield strength loss throughout the study while the other test materials
showed little change from initial values. PL parts experienced a statistically significant
loss in strength over time while those composed of PCL, BL+2, and TRI did not.
BL experienced a statistically significant increase in strength between initial and
all other time points as determined by an analysis of variance and Tukey post hoc
comparison. Between the initial and 3-week time point, strength appeared to increase 1020%. This result is thought to be due to annealing of the material in the heated in vitro
conditions and is supported by a statistically significant increase in ΔHf of the lactide
portion of the thermograph (p<0.01), indicating increased crystallinity from the initial
time point. It is feasible that prolonged exposure of the material to in vitro conditions
could have produced an annealing effect. A t-test assessing other attributes of the DSC
thermograph did not demonstrate statistical significance. DSC data is compiled in
Appendix C for reference, and tensile data is in Appendix E.
Another way to observe the strength characteristic of an absorbable material over
time is via breaking strength retention rate. This data is depicted in Figure 17. While the
individual strength values can be reported, the normalization of data to a percentage of
original ultimate strength provides an indication of stability over time.

53

Breaking Strength Retention (%)

120%
100%
PCL

80%

PL
BL

60%

BL+2
40%

TRI
RAND

20%

DI
0%
0

2

4

6
8
Time (weeks)

10

12

14

Figure 17. Breaking Strength Retention under In Vitro Conditions. Data generated at n=7 for
each time point.

Of all the materials represented in Figure 17, only RAND lost all tensile strength
in the course of the study. DI retained approximately 95% of initial strength for 6 weeks,
then began rapidly losing strength. The rest of the materials retained greater than 90% of
initial strength throughout the course of the 12-week study. This indicates these materials
would be appropriate in situations requiring a long healing time, such as in many
orthopedic applications.
When comparing the tensile modulus to strength retention over time, it is
noteworthy that modulus of the materials is universally changing in the materials with
polylactide, while yield strength is not. This pattern does not hold true for the
copolymers, as DI and RAND lost most strength in the study. When compared to the
GPC data, similar substantial losses in Mn occurred for these materials. On the other
hand, TRI specimens experienced large drops in Mn but no effect was observed in the
loss of strength.
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CONCLUSIONS
The results from this study indicate the synthesis and blending methods produced
copolymers of a similar size and controlled composition but different molecular structure,
which in turn allowed differences in amount of crystallization and phase separation
between l-lactide and caprolactone components. These differences in structure
correspond to differences in mechanical properties and degradation aspects thereby
allowing modulation of the spectrum characteristic with controlled composition.
Specifically, it is concluded that:


The polymer structure has the greatest effect on modulation of all properties
tested.



Introduction of a small surfactant molecule such as SF does effect the
morphological organization; however, the amounts tested were not enough to alter
the mechanical properties.



The order of property loss (first to last) is:
Mn → Tensile Modulus → Tensile Strength → % Composition (theoretical) →
mass loss (theoretical)



RAND and DI samples did not display acceptable strength retention profiles for
long lasting in vivo applications.



TRI, BL, and BL+2 would be appropriate in long term strength retention
applications, with TRI having the best flexibility.



The ideal behavior of lower bending modulus and faster Mn loss with little tensile
strength loss demonstrated through the duration of this study in TRI, the triblock
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structure, makes it the best candidate of all the materials for a cable tie device for
certain orthopedic applications.
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RECOMMENDATIONS
As this study was intended to screen polymer systems methods in their ability to
modulate the l-lactide/ε-caprolactone phases within the system to produce compliant and
long lasting parts, the results of the study indicate a triblock formulation, primarily of
lactide, has the best chance for success. To create a controlled experiment, this study
used one composition ratio, 75:25, but future work could optimize this ratio within the
triblock structure per design requirement.
Materials systems can be tuned for performance in a specific application, but
device design can further tuning of those properties to achieve a functional product.
Therefore it is recommended to use the data generated from this study to design a cable
tie and create a prototype.
Additionally, the in vitro model used to screen these materials was limited in that
it did not provide a means of keeping the sample under a biologically relevant load
throughout the study nor did it model exactly the pH, ion transfer, or cellular effects on
the materials as would be seen in orthopedic implants. Additional evaluation of cyclic
testing as well as modeling of creep behavior should be performed as the next steps in
material evaluation, since these are known challenges to load bearing materials.
Because residual stress in the tested articles was revealed in these results, heat or
orientation treatments in the mold should be explored to determine possible benefits to
material properties.
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Appendix A
NMR Reference Scans
Peaks identities used to calculate composition in HNMR results were as follows:
PLA (5.15), PCL (4.05, 2.30), l-lactide (5.0), ε-caprolactone (2.65)

Blocking was determined using the area ratio for 2.34-2.49ppm:2.34-2.20ppm. It was
assumed that 2.34-2.49 ppm represents lactide-caprolactone bonds and 2.34-2.20ppm
represents caprolactone-caprolactone bonds.

Reference scans are provided in additional figures.

Figure A-1: PCL Reference Scan.
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Figure A-2 PL Reference Scan.

Figure A-3 RAND Reference Scan to Demonstrate Blocking Ratio.
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Appendix B
Failure Modes of Tested Tensile Bars
Visual analysis of failed test specimens demonstrates a wide variety of failure
mechanics such as necking and ductile for PCL, brittle for PL and RAND, fibrillation in
BL and BL+2, crazing with ductile failure in TRI and DI. Fibrillation is proposed as
PCL regions.
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Appendix C
DSC Data from 3 Weeks In Vitro

Sample
PCL
PL
BL
BL +2
TRI
RAND
DI

1st Peak
(°C)
66.0 ± 1.6
70.0 ± 1.8
64.5 ± 0.6
62.9 ± 3.7
60.8 ± 0.4
62.3 ± 0.9

ΔH1
(J/g)
79.5 ± 3.0
10.7 ± 1.3
25.8 ± 2.1
20.0 ± 8.7
7.7 ± 2.8
21.2 ± 5.5

2nd Peak
(°C)
91.2 ± 2.7
84.4 ± 0.8
85.4 ± 2.5
78.2 ± 0.6
77.1 ± 0.8

ΔH2
(J/g)
-19.6 ± 1.0
-14.2 ± 0.6
-11.8 ± 1.6
-5.4 ± 1.7
-7.9 ± 2.3

3rd Peak
(°C)
181.0 ± 1.9
179.6 ± 0.6
179.5 ± 1.1
173.1 ± 0.5
148.3 ± 0.6
176.7 ± 1.2

ΔH3
(J/g)
49.8 ± 4.5
38.7 ± 3.7
38.2 ± 7.3
29.9 ± 1.2
20.7 ± 1.2
36.0 ± 1.1

Tabulated data is shown above from DSC testing. The data is presented as average ± standard deviation of
n=4 samples. RAND not included due to erratic values.
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Appendix D
Tabulated In Vitro GPC Data

Sample

PCL

PL

BL

BL +2

TRI

RAND

DI

Time in
weeks
0
3
6
9
12
0
3
6
9
12
0
3
6
9
12
0
3
6
9
12
0
3
6
9
12
0
3
6
9
12
0
3
6
9
12

Mn (kDa)
101.8 ± 3.0
102.7 ± 1.3
115.6 ± 1.7
101.0 ± 0.8
121.4 ± 3.0
187.0 ± 14.8
170.3 ± 13.8
179.9 ± 4.7
170.4 ± 9.5
190.5 ± 7.1
142.4 ± 2.5
132.3 ± 8.6
123.1 ± 3.7
114.0 ± 3.2
126.3 ± 4.9
131.5 ± 4.8
126.3 ± 18.4
112.7 ± 4.4
97.3 ± 2.3
102.8 ± 1.2
179.1 ± 13.8
108.1 ± 28.7
86.1 ± 10.9
58.5 ± 5.8
42.8 ± 1.9
187.0 ± 18.3
76.2 ± 18.8
25.8 ± 0.6
9.8 ± 1.1
6.1 ± 0.1
182.9 ± 1.3
75.0 ± 3.5
40.3 ±1.9
27.1 ± 0.7
22.1 ± 0.9
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PDI
1.53 ± 0.01
1.50 ± 0.01
1.51 ± 0.01
1.55 ± 0.01
1.47 ± 0.01
1.63 ± 0.09
1.64 ± 0.07
1.66 ± 0.02
1.73 ± 0.06
1.69 ± 0.02
1.73 ± 0.03
1.78 ± 0.11
1.82 ± 0.05
1.90 ± 0.03
1.87 ± 0.05
1.81 ± 0.04
1.85 ± 0.25
1.88 ± 0.05
1.99 ± 0.06
2.08 ± 0.02
1.75 ± 0.04
1.78 ± 0.20
2.04 ± 0.16
2.17 ± 0.23
2.51 ± 0.04
1.75 ± 0.08
1.89 ± 0.06
2.16 ± 0.26
2.28 ± 0.2
2.14 ± 0.05
1.52 ± 0.01
1.94 ± 0.07
2.49 ± 0.04
2.74 ± 0.13
2.98 ± 0.11

Appendix E
Tabulated In Vitro Tensile Properties

Sample
Name
PCL

PL

BL

BL+2

TRI

RAND

DI

Time in
vitro
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks
Initial
3 weeks
6 weeks
9 weeks
12 weeks

Tensile
Modulus (MPa)
300.7 ± 22.6
318.2 ± 15.0
286.1 ± 38.4
301.6 ± 27.7
282.3 ± 29.4
2102.8 ± 75.7
1906.1 ± 116.7
2089.9 ± 104.5
2190.6 ± 114.5
1198.5 ± 124.7
1534.9 ± 138.0
1638.0 ± 179.4
1154.8 ± 180.3
1315.1 ± 248.3
1032.2 ± 96.1
1776.5 ± 64.5
1762.6 ± 88.5
1086.0 ± 78.5
1153.1 ± 138.9
979.0 ± 236.7
1339.2 ± 66.81
1416.9 ± 130.0
854.8 ± 74.2
961.6 ± 67.7
926.6 ± 71.5
46.3 ± 33.9
186.6 ± 10.8
264.4 ± 29.4
241.0 ± 85.3
0
1650.7 ± 73.8
1719.9 ± 49.0
1184.7 ± 427.3
1064.1 ± 198.7
1176.2 ± 99.2
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Yield Stress
(MPa)
16.9 ± 0.9
18.2 ± 0.6
18.3 ± 0.7
18.3 ± 0.6
18.4 ± 0.2
91.0 ± 2.8
86.3 ± 2.1
91.9 ± 2.0
84.3 ± 2.4
85 ± 2.9
48.3 ± 1.9
56.0 ± 1.1
55.9 ± 2.2
56.6 ± 1.8
57.4 ± 1.7
54.9 ± 1.8
54.6 ± 1.9
54.4 ± 0.9
55.9 ± 0.7
52.9 ± 10.7
40.5 ± 1.5
40.8 ± 3.9
39.2 ± 1.7
39.0 ± 3.1
41.2 ± 2.4
26.6 ± 2.0
21.9 ± 1.7
9.0 ± 1.2
3.1 ± 0.5
0
54.8 ± 7.2
48.6 ± 1.6
52.0 ± 2.0
42.0 ± 1.1
19.6 ± 1.1

Break Strain
(%)

650.7 ± 39.2
604.5 ± 62.8
614.7 ± 97.4
645.7 ± 26.7
670.8 ± 26.8
4.8 ± 0.4
5.2 ± 0.4
5.2 ± 0.2
4.8 ± 0.3
8.5 ± 1.0
8.9 ± 6.7
4.3 ± 0.3
8.7 ± 0.5
7.0 ± 1.2
8.5 ± 1.2
1 ± 0.2
4.1 ± 0.3
8.1 ± 1.3
7.8 ± 0.3
8.2 ± 0.6
35.4 ± 11.2
38.0 ± 11.9
37.1± 11.1
31.2 ± 12.2
22.1 ± 8.1
190.3 ± 15.8
90.5 ± 7.3
26.1 ± 5.3
6.5 ± 1.5
0
9.2 ± 2.2
12.8 ± 3.8
12.3 ± 3.9
5.4 ± 0.5
2.2 ± 0.3
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